A survey is given of the lycopene cyclase genes present in bacteria, fungi and plants where two completely unrelated types exist. One is the classical monomeric bacterial P-cyclase gene, crt Y , which may be an ancestor of crtL, the gene for a P-cyclase in cyanobacteria. From crtL a line of evolution can be drawn to plant P-and c-cyclase genes and to the gene of capsanthin/capsorubin synthase. In Gram-positive bacteria two genes c r t Y c and c r t Y d are present. They encode two proteins which have to interact as a heterodimer for lycopene P-cyclization. From this type of lycopene cyclase gene the fungal lycopene cyclase/ phytoene synthase fusion gene evolved.
Introduction
Carotenoids are widely distributed in Nature and more than 600 different structures are known. Plants, several bacteria and some fungi are able to synthesize carotenoids. Even though the end products of carotenoid biosynthesis can be very diverse, a general common pathway leading to the formation of cyclic p-carotene can be observed in many prokaryotic and eukaryotic organisms. T h e synthesis of this C,, carotene starts by the condensation of two molecules of geranylgeranyl pyrophosphate followed by four desaturation steps. Then, the ends of the resulting acyclic lycopene may be cyclized to P-ionone, c-ionone or
The classical monomeric lycopene cyclases of plants and many bacteria
T h e first lycopene cyclase gene, crt Y , was cloned from the eubacterium Erwinia uredovora [ 11. Several other very similar crt Y genes are now available from other non-photosynthetic bacteria. So far the only cyanobacterial lycopene cyclase gene ( c r t L ) is known from Synechococcus sp. PCC7942 [2] . Its similarity to the bacterial crt Y-type cyclases is rather low. Nevertheless, distinct conserved patterns in the amino acid sequence can be observed in crt Y , crtL and the lycopene cyclase genes from plants ( Figure 1 ). These are one hypothetical dinucleotide-binding region with similarities to the one found in phytoene desaturases T h e amino acid sequence of lycopene cyclases from plants and cyanobacteria are closely related, as indicated by the phylogenetic tree ( Figure 2A ). All these lycopene cyclases are polypeptides with around 400 amino acids and a molecular mass of 43 kDa [6] , and the enzymes from plants have an additional N-terminal transit sequence of 100 amino acids.
T h e formation of p-ionone and c-ionone rings in plants is catalysed by two different enzymes, P-cyclase and c-cyclase. Both enzymes show high similarities in their amino acid sequence and it is very likely that they evolved from the same ancestor. Another member of this protein family of plant lycopene cyclases is the capsanthin capsorubin synthase (Ccs) from Capsicum annuum [7] . This enzyme converts antheraxanthin or violaxanthin into capsanthin or capsorubin by a mechanism similar to lycopene cyclization [8].
In addition, Ccs can also convert lycopene into /%carotene and the amino acid sequences of Ccs and lycopene cyclases are very similar. Therefore it was proposed that ccs evolved from a duplicated lycopene cyclase gene.
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The new heterodimeric lycopene cyclases
A second type of lycopene cyclase was recently described for the Gram-positive coryneform bacterium Brevibacterium linens [9] . In this new type of lycopene cyclase the two different genes crt Yc and crtYd code for two small polypeptides of 125 and 107 amino acids, respectively. Only the combined products of both genes are able to convert lycopene into p-carotene. Thus the functional not be assigned to these two genes, it can be expected that they encode the lycopene cyclase of this organism, which synthesizes cyclic carotenoids.
The bifunctional fungal lycopene cyclases
T h e first lycopene cyclase gene from a fungus was isolated and identified from the heterobasidiomycetous yeast Xanthophyllomyces dendrorhous [14] . Its cDNA encodes a bifunctional lycopene cyclase/phytoene synthase of 673 amino acids. This gene product has two catalytic activities in carotenoid biosynthesis as it converts geranylgeranyl phosphate into phytoene as well as lycopene into P-carotene. T h e deduced amino acid sequence of this cDNA has similarities in its C-terminal part to phytoene synthases from other organisms and has N-terminal similarities to the new heterodimeric lycopene cyclases CrtYc and
CrtYd from B . linens ( Figure 2B ). Owing to the bifunctionality of its gene product, the gene was called crt Y B . By truncation of the crt YB cDNA it could be demonstrated that its phytoene synthase and lycopene cyclase domains are localized in the regions of the polypeptide with sequence similarities to phytoene synthases and the new lycopene cyclases, respectively. T h e gene product of al-2 from Neurospora crassa, which has been shown to be involved in phytoene synthesis of this ascomycetous fungus [ 151, has a high overall sequence similarity to CrtYB from X . dendrorhous. Like
CrtYB the al-2 gene product is not only a phytoene synthase but also exhibits lycopene cyclase activity (P. Krubasik and G. Sandmann, unpublished work) . By database searches a further sequence from the zygomycetous fungus Mucor circinelloides with similarities to CrtYB was found and it can be assumed that it also encodes a bifunctional lycopene cyclase/phytoene synthase. Moreover, based on classical genetic studies, a common translation or a fusion of lycopene cyclase and phytoene synthase has been predicted for M . circinelloides [ 161. Lycopene cyclase genes from all big groups of phylogenetically related fungi, basidiomycetes, ascomycetes, and zygomycetes, were found. As the first two groups developed from forms of the latter, it can be supposed that this unique type of lycopene cyclase/phytoene synthase must have been acquired relatively early in the evolution of fungi. T h e bifunctional lycopene cyclase might have originated from the fusion of two crt Ye-and crtYd-type genes, similar to those in B. linens, and from a phytoene synthase. T h e fusion of crt Ye, crt Y d and the phytoene synthase gene might have occurred by recombinant processes. An example of how a carotenogenic fusion gene could originate by chromosomal rearrangement was recently given [17] . In a Rubrivivaxgelatinosous strain with an inactivated crtB gene, which therefore is devoid of carotenoids, illegitimate recombination of a new functional chimaeric crtB gene was forced by photo-oxidative stress.
Other types of lycopene cyclase
At least one further type of lycopene cyclase has to be expected, as sequence comparisons of the known lycopene cyclases with the genome of the fully sequenced cyanobacterium Synechocystis sp. PCC6804 [18] did not result in a significant match with any known lycopene cyclase. A lyco-pene cyclase gene must exist in this organism because p-carotene, which is the product of lycopene cyclization, was found in this cyanobacterium [19]. T h e genomic sequence data of one further completely sequenced cyanobacterium, Anabaena sp. PCC7120 (http ://www.kazusa.or.jp/cyano/ anabaena), did also lack similarities to the sequences of known lycopene cyclase genes.
Conclusion on the phylogeny of lycopene cyclase genes
Two completely unrelated lycopene P-cyclases evolved independently in bacteria. T h e heterodimeric lycopene P-cyclase encoded by the genes crt Ye and crt Yd dominates among Gram-positive bacteria. From these genes the fungal lycopene P-cyclaselphytoene synthase fusion gene crt YB derived. T h e completely unrelated crt Yof a monomeric P-cyclase, identified first in a Gram-negative enterobacterium, may be an ancestor of a cyanobacterial and prochlorophyte lycopene P-cyclase gene crtL. From this gene, a line of evolution can be drawn to the corresponding Icy-P genes in chlorophytes and higher plants. The genes encoding lycopene &-cyclase, ley-&, and Ccs, ccs, from plants are highly homologous with the P-cyclase genes and may originate from gene duplications. phosphatidylcholine vesicles supplemented with monogalactosyldiacylglycerol (MGDG). Activity of violaxanthin de-epoxidase (VDE) in this system was found to be strongly dependent on the content of M G D G in the membrane; however, only to a level of 30 mol yo. Above this concentration the rate of violaxanthin de-epoxidation decreased. T h e effect of individual thylakoid lipids on VDEindependent violaxanthin transformation was also investigated and unspecific effects of phosphatidylglycerol and sulphoquinovosyldiacyglycerol, probably related to the acidic character of
